Introduction
============

Osteoarthritis is the most common noninflammatory disease of synovial joints, which is distinct from rheumatoid arthritis, a systemic autoimmune disorder ([Fujita 1997](#Fujita1997){ref-type="bib"}; [Simon 1999](#Simon1999){ref-type="bib"}; [van den Berg 1999](#vandenBerg1999){ref-type="bib"}; [Goldring 2000](#Goldring2000){ref-type="bib"}). Osteoarthritis is characterized by the progressive loss of articular cartilage, resulting in pain and loss of joint function. This condition affects a majority of people \>75 yr of age, and the underlying mechanism is largely unknown.

Bone is formed through intramembranous and endochondral ossification ([Erlebacher et al. 1995](#Erlebacheretal1995){ref-type="bib"}). Endochondral ossification initiates by the condensation and differentiation of mesenchymal cells into cartilage. The cartilage then proceeds through programmed cell proliferation, maturation, hypertrophic differentiation, calcification, apoptosis, and eventual replacement by bone tissues. Bone is continuously renewed by a process of bone remodeling that consists of cycles of bone formation and resorption. Unlike most cartilage, the articular cartilage is arrested before terminal hypertrophic differentiation and forms a smooth cartilage layer that covers the heads of bone and enables frictionless and pain-free movement of the joint.

Several members of the TGF-β super family play important roles in bone growth. The bone morphogenetic proteins (BMPs) induce early cartilage formation ([Wozney 1989](#Wozney1989){ref-type="bib"}, [Wozney 1992](#Wozney1992){ref-type="bib"}) and stimulate mesenchymal cells to differentiate into osteoblasts ([Vukicevic et al. 1989](#Vukicevicetal1989){ref-type="bib"}; [Yamaguchi et al. 1991](#Yamaguchietal1991){ref-type="bib"}; [Wozney 1992](#Wozney1992){ref-type="bib"}). Mice harboring mutations in members of the TGF-β super family display multiple skeletal defects ([Kingsley et al. 1992](#Kingsleyetal1992){ref-type="bib"}; [Luo et al. 1995](#Luoetal1995){ref-type="bib"}; [Mikic et al. 1995](#Mikicetal1995){ref-type="bib"}; [Storm and Kingsley 1996](#StormandKingsley1996){ref-type="bib"}; [Katagiri et al. 1998](#Katagirietal1998){ref-type="bib"}; [Solloway et al. 1998](#Sollowayetal1998){ref-type="bib"}; [Ducy and Karsenty 2000](#DucyandKarsenty2000){ref-type="bib"}). TGF-βs and their receptors are expressed during the development of the skeleton and play important roles in regulating chondrocyte proliferation and differentiation ([Sandberg et al. 1988](#Sandbergetal1988){ref-type="bib"}; [Gatherer et al. 1990](#Gathereretal1990){ref-type="bib"}; [Pelton et al. 1990](#Peltonetal1990){ref-type="bib"}; [Millan et al. 1991](#Millanetal1991){ref-type="bib"}; [DiLeone et al. 1997](#DiLeoneetal1997){ref-type="bib"}; [Fukumura et al. 1998](#Fukumuraetal1998){ref-type="bib"}; [Horner et al. 1998](#Horneretal1998){ref-type="bib"}; [Kabasawa et al. 1998](#Kabasawaetal1998){ref-type="bib"}). It was shown that TGF-βs can stimulate cultured undifferentiated mesenchymal cells to differentiate into chondrocytes ([Kulyk et al. 1989](#Kulyketal1989){ref-type="bib"}; [Lafeber et al. 1993](#Lafeberetal1993){ref-type="bib"}; [Denker et al. 1995](#Denkeretal1995){ref-type="bib"}). Injection of TGF-βs in the periosteum of rat ([Joyce et al. 1990](#Joyceetal1990){ref-type="bib"}) or mouse ([Chimal-Monroy and Diaz de Leon 1997](#Chimal-MonroyandDiazdeLeon1997){ref-type="bib"}) femur induces chondrocyte differentiation and cartilage formation. On the other hand, TGF-βs can also inhibit hypertrophic differentiation of cultured chondrocyte and metatarsal bones ([Ballock et al. 1993](#Ballocketal1993){ref-type="bib"}; [Tschan et al. 1993](#Tschanetal1993){ref-type="bib"}; [Dieudonne et al. 1994](#Dieudonneetal1994){ref-type="bib"}; [Bohme et al. 1995](#Bohmeetal1995){ref-type="bib"}). Notably, expression of dominant negative type II TGF-β receptors in cartilage and the synovium transgenic mice altered chondrocyte differentiation and resulted in phenotypes sharing some similarities with human osteoarthritis ([Serra et al. 1997](#Serraetal1997){ref-type="bib"}). Altogether, these studies indicate that TGF-β signals function as key regulators in bone formation, remodeling, and maintenance.

TGF-βs signals are transduced into nuclei by intracellular mediator SMADs ([Heldin et al. 1997](#Heldinetal1997){ref-type="bib"}; [Massague 1998](#Massague1998){ref-type="bib"}; [Datto and Wang 2000](#DattoandWang2000){ref-type="bib"}). At least eight different SMADs have been found in mammals so far. Based on their functions, these SMADs are categorized into three types: the receptor-activated SMADs, the common mediator SMAD (SMAD4), and the inhibitory SMADs (SMAD6 and 7). The receptor-activated SMADs include SMADs 1, 2, 3, 5, and 8. SMADs 2 and 3 respond to TGF-β and activins ([Eppert et al. 1996](#Eppertetal1996){ref-type="bib"}; [Graff et al. 1996](#Graffetal1996){ref-type="bib"}; [Macias-Silva et al. 1996](#Macias-Silvaetal1996){ref-type="bib"}; [Zhang et al. 1996](#Zhangetal1996){ref-type="bib"}; [Nakao et al. 1997](#Nakaoetal1997){ref-type="bib"}), whereas SMAD1, 5, and 8 function in BMP signaling pathways ([Lagna et al. 1996](#Lagnaetal1996){ref-type="bib"}; [Liu et al. 1996](#Liuetal1996){ref-type="bib"}; [Kretzschmar et al. 1997](#Kretzschmaretal1997){ref-type="bib"}; [Suzuki et al. 1997](#Suzukietal1997){ref-type="bib"}; [Kawabata et al. 1998](#Kawabataetal1998){ref-type="bib"}; [Nakayama et al. 1998](#Nakayamaetal1998){ref-type="bib"}). Mutational analysis in mice using gene targeting has revealed multiple important functions for these genes in development (for review see [Weinstein et al. 2000](#Weinsteinetal2000){ref-type="bib"}). Loss of Smad3 function results in diminished T cell response to TGF-β ([Datto et al. 1999](#Dattoetal1999){ref-type="bib"}; [Yang et al. 1999](#Yangetal1999){ref-type="bib"}), accelerated wound healing ([Ashcroft et al. 1999](#Ashcroftetal1999){ref-type="bib"}), and colon carcinoma ([Zhu et al. 1998](#Zhuetal1998){ref-type="bib"}). Although 50--70% of *Smad3* ^ex8/ex8^ mice die 3 mo after birth due to infections adjacent to the mucosal surface, the remaining mutant mice overcome the infection and survive ≤10 mo ([Yang et al. 1999](#Yangetal1999){ref-type="bib"}). We now show that the *Smad3* ^ex8/ex8^ mice display skeletal abnormalities shortly after weaning, which become worse as the mice aged. One of the major characteristics of these mice is abnormal hypertrophic differentiation of articular chondrocytes, leading to the progressive loss of articular cartilage and formation of large osteophytes in synovial joints. Our further analysis indicates that Smad3-mediated signals are essential for cartilage maintenance rather than its formation. Loss of chondrocyte responsiveness to TGF-β signals during chondrogenesis in the *Smad3* ^ex8/ex8^ mice results in abnormal chondrocyte terminal differentiation, which causes progressive degenerative cartilage disease resembling osteoarthritis in human.

Materials and Methods
=====================

X-Ray Imaging and Skeleton Preparation
--------------------------------------

*Smad3* ^ex8/ex8^ mice ([Yang et al. 1999](#Yangetal1999){ref-type="bib"}) were killed by CO~2~. The skin and the viscera were removed. Photographs were taken in an x-ray machine (Faxitron X-ray, Co.). Preparation of whole mice skeletons was carried out using standard procedures ([McLeod 1980](#McLeod1980){ref-type="bib"}). In brief, the mice without skin and viscera were fixed in 95% ethanol for 72 h and transferred into acetone for 48 h to remove fat and solidify the skeleton. After alcian blue and alizarin red S staining for 3 d, the samples were washed in distilled water and cleaned in 1% KOH and then processed through a series of 20, 50, and 80% glycerine/1% KOH solutions.

The Histologic and Immunohistologic Analysis of the Skeletal Tissues
--------------------------------------------------------------------

The knee joints were fixed in 4% paraformaldehyde at 4°C overnight and decalcified in 0.5 M EDTA/PBS. Decalcified tissues were dehydrated and embedded in wax using standard procedures. The polyclonal antibody against type X collagen was provided by Bjorn Olsen (Harvard Medical School, Boston, MA). Zymed Laboratories Kit was used for immunohistologic staining.

To detect the expression of the proteoglycan in the skeletal tissues, safranine O staining was performed on slides. The slides were stained in hematoxylin for 1 min and destained in HCL/ethanol and NH~4~OH/ethanol solutions. The slides were then rinsed quickly in 1% acetic acid after staining in 0.2% Fast green for 2 min. After rinsing in distilled water, the slides were further stained in 0.1% safranine O for 5 min. Finally, the slides were dehydrated and mounted using standard procedures.

In Situ Hybridization
---------------------

In situ hybridization was carried out using standard procedures. Probes used were Smad2 ([Weinstein et al. 1998](#Weinsteinetal1998){ref-type="bib"}), Smad3 ([Yang et al. 1999](#Yangetal1999){ref-type="bib"}), FGF receptor (FGFR)3 ([Deng et al. 1996](#Dengetal1996){ref-type="bib"}), and others (see acknowledgments). Slides were dipped in emulsion (NTB-2; Eastman Kodak Co.) and exposed for 7--15 d before developing.

Embryonic Metatarsal Rudiment In Vitro Culture
----------------------------------------------

Metatarsal rudiments were isolated from 17.5 pc pregnant *Smad3^+/ex8^* female mice that were mated with *Smad3* ^+^ *^/ex8^* male mice. The three left--right paired central bones were used in experiments. Rudiments were cultured in 24-well plates with 350 μl BGJb medium (Cat. 12591--038; GIBCO BRL) supplemented with 0.05 mg/ml ascorbic acid (Sigma-Aldrich), 0.5 mg/ml [l]{.smallcaps}-glutamine, 10 mg/ml streptomycin, 10 units/ml penicillin (Cat. 11679; GIBCO BRL), 1 mM β-glycerophosphate (Sigma-Aldrich), and 0.2% faction V BSA (A-9647; Sigma-Aldrich). Explants were grown at 37°C in a humidified 5% CO~2~ incubator. TGF-β1 (10 ng/ml) (240-B; R&D Systems) in 4 mM HCL was added to cultures 16--20 h after dissection. Medium was changed on the second day of culture. The rudiments were observed and photographed under a dissecting microscope (Leica) at 0, 2, and 4 d of treatment. The total length (TL) and the hypertrophic length (HL) of chondrocyte, which includes the zone of mineralized chondrocytes and the light regions flanking it, were measured with an eyepiece scale. Changes in length were expressed as percentage increase relative to the value before the treatment (percentage increase = \[length at day 4 − length at day 0\]/length at day 0). Data are expressed as mean ± SD, and the significance of differences was evaluated with Student\'s *t* test.

Results
=======

Skeletal Defects of the Smad3^ex8/ex8^ Mice
-------------------------------------------

To study function of Smad3 in skeletal formation and development, we examined *Smad3^ex8/ex8^*mice created previously ([Yang et al. 1999](#Yangetal1999){ref-type="bib"}). Our data showed that these mice were often kyphotic (abnormal rearward curvature of the spine) and moved with difficulties. Using x-ray radiographic analysis, kyphoscoliosis and abnormal calcification of the synovial joints was observed in the *Smad3^ex8/ex8^* mice \>6 mo of age ([Fig. 1](#F1){ref-type="fig"} B). The knee joints were usually enlarged due to osteophytes (extra cartilage and bones) that had developed at the joint margins and within the joint space ([Fig. 1](#F1){ref-type="fig"} D). The osteophytes were also observed in vertebral bone joints ([Fig. 1](#F1){ref-type="fig"} F) and sternum joints ([Fig. 1](#F1){ref-type="fig"} H). As the mutant mice aged, the clinical signs were getting progressively worse and eventually resulted in loss of movement. No similar abnormalities were seen in age-matched wild-type and heterozygous controls ([Fig. 1A](#F1){ref-type="fig"}, [Fig. C](#F1){ref-type="fig"}, [Fig. E](#F1){ref-type="fig"}, and [Fig. G](#F1){ref-type="fig"}).

Next, we examined alizarin red and alcian blue whole mount skeletal preparations of mice at ages from postnatal day (P)1, P21, P30, and 4 and 6 mo to determine the onset of skeletal abnormalities. *Smad3^ex8/ex8^* mice at ≤1 mo of age did not show any apparent abnormalities in synovial joints or rib cages compared with their wild-type and heterozygous littermates ([Fig. 2A](#F2){ref-type="fig"}, [Fig. C](#F2){ref-type="fig"}, and [Fig. D](#F2){ref-type="fig"}). In contrast, all older *Smad3^ex8/ex8^* mice exhibited varying abnormalities in rib cages characterized by the accumulation of bony materials ([Fig. 2](#F2){ref-type="fig"}, E--G). As the mutant mice aged, the symptoms were getting progressively stronger and became obvious in all mutant mice examined at ages ≥6 mo of age (*n* = 10). Osteophytes were also detected in other joints ([Fig. 2](#F2){ref-type="fig"} B; data not shown). The ribs of mutant mice were severely distorted due to abnormal ossification ([Fig. 2](#F2){ref-type="fig"} G). Because these abnormalities were not found in younger mice and they become progressively worsen in aging population, we conclude that Smad3 plays an important role in maintaining skeletal integrity rather than in its formation.

Although the majority of bones in younger mice were normal, we found that ∼30% of the *Smad3^ex8/ex8^* mice exhibited unilateral or bilateral angular distortion in their forelimbs due to abnormal formation in tarsal bones ([Fig. 2](#F2){ref-type="fig"} I). Since this defect is seen in P1 mice and does not show progressive nature compared with the degenerative skeletal defects found in older mice, it may therefore represent a patterning defect in embryonic skeletal development caused by the Smad3 deficiency. The mechanism underlying this defect is currently unknown and will be addressed in future studies.

Histologic Analysis of Skeletal Tissues of the Smad3^ex8/ex8^ Mice
------------------------------------------------------------------

To characterize the degenerative abnormalities in *Smad3^ex8/ex8^* mice in more detail, synovial joints were sectioned for histologic analysis. There were no apparent differences in bone mass between *Smad3^ex8/ex8^* and control mice ∼30 d of age as revealed by x-ray and whole mount skeletal preparation ([Fig. 2A](#F2){ref-type="fig"} and [Fig. C](#F2){ref-type="fig"}; data not shown). However, an abnormal increase in the number of hypertrophic chondrocytes was seen in the articular cartilage of mutant mice at this stage ([Fig. 3](#F3){ref-type="fig"} B), whereas the majority of articular cartilage cells in the control mice remained as resting chondrocytes ([Fig. 3](#F3){ref-type="fig"} A). The histology of knee joints from mutant mice at 4 mo of age revealed progressive loss of the smooth surface of articular cartilage. The articular surface of mutant joints with mild degeneration was covered with abnormally differentiated chondrocytes ([Fig. 3](#F3){ref-type="fig"} D) instead of a thin layer of resting chondrocytes found in control mice ([Fig. 3](#F3){ref-type="fig"} C). Surface fibrillation (vertical cleft development) and osteophytes with varying sizes were seen in the synovial cavities of most 6-mo-old mutant mice ([Fig. 3F](#F3){ref-type="fig"} and [Fig. G](#F3){ref-type="fig"}). Although these osteophytes were positive for type II collagen ([Fig. 3](#F3){ref-type="fig"} H), a marker for chondrocytes, type I collagen, and osteocalcin markers for osteoblast cells were also detected ([Fig. 3I](#F3){ref-type="fig"} and [Fig. J](#F3){ref-type="fig"}), revealing the presence of both chondrocytes and osteoblasts in the outgrowth of endochondral tissues. Similar abnormalities were also detected in vertebral joints of mutant mice (data not shown). These observations indicate that Smad3 deficiency does not interfere with synovial joint formation; however, it causes progressive articular cartilage degeneration resembling osteoarthritis in humans.

Increased Hypertrophic Differentiation of Epiphyseal Growth Plate Chondrocytes in Smad3^ex8/ex8^ Mice
-----------------------------------------------------------------------------------------------------

We next examined the epiphyseal growth plates to determine if Smad3 deficiency could cause similar defects. Chondrocytes in wild-type growth plates can be divided into four different cell types: resting, proliferating, maturing, and hypertrophic chondrocytes ([Fig. 4A](#F4){ref-type="fig"} and [Fig. B](#F4){ref-type="fig"}). Examination of mutant mice at multiple early developmental stages, including P1, P9, and P12, did not reveal obvious abnormalities compared with their littermate controls ([Fig. 4A](#F4){ref-type="fig"} and [Fig. B](#F4){ref-type="fig"}). This observation indicates that loss of Smad3 does not interfere with chondrogenesis at these developmental stages. However, the height of the hypertrophic zone gradually increased in some 3--4-wk-old *Smad3^ex8/ex8^* mice ([Fig. 4C](#F4){ref-type="fig"} and [Fig. D](#F4){ref-type="fig"}, arrows). This phenotype became more obvious in 6--8-wk-old mutant mice ([Fig. 4](#F4){ref-type="fig"}, E--H). This observation suggests that the Smad3 deficiency caused increased hypertrophic differentiation of mutant growth plate chondrocytes. Furthermore, growth plates of P21 or older mutant animals also contained fewer proliferating chondrocytes than their controls ([Fig. 4](#F4){ref-type="fig"}, C--H). In this case, mutant chondrocyte columns were not only shorter but also were arranged irregularly ([Fig. 4](#F4){ref-type="fig"}, C--F, arrows), suggesting that Smad3-mediated signals also play a role in chondrocyte proliferation. Because the defects were not observed in younger mice, we suggest that Smad3 is required for maintenance, rather than formation of the epiphyseal growth plate. Similar abnormalities were also detected in vertebrae and sternum (data not shown).

Increased Expression of Type X Collagen and Decreased Proteoglycan Content in Smad3^ex8/ex8^ Mice
-------------------------------------------------------------------------------------------------

To characterize the skeletal abnormalities of *Smad3^ex8/ex8^* mutant mice at molecular level, we checked the expression of type X collagen, a marker of chondrocyte differentiation. More intense type X collagen staining was found in the *Smad3^ex8/ex8^* growth plate ([Fig. 5](#F5){ref-type="fig"} B) and articular cartilage ([Fig. 5](#F5){ref-type="fig"} D), as compared with controls ([Fig. 5A](#F5){ref-type="fig"} and [Fig. C](#F5){ref-type="fig"}). The type X staining also marked the osteophytes ([Fig. 5](#F5){ref-type="fig"} E).

Abnormal differentiation of articular cartilage may lead to changes of matrix components. Therefore, we examined expression of proteoglycans, a class of matrix proteins that are produced by chondrocytes and interact with hyaluronic acid, link proteins, and collagen fibers. No apparent differences in safranine O, which stains proteoglycans, were found in P12 mutant and control mice ([Fig. 6A](#F6){ref-type="fig"} and [Fig. B](#F6){ref-type="fig"}). However, P40 *Smad3* ^ex8/ex8^ mice showed significantly reduced safranine O staining in both the articular cartilage and growth plate compared with wild-type mice ([Fig. 6C](#F6){ref-type="fig"} and [Fig. D](#F6){ref-type="fig"}). Decreased safranine O staining was often found in articular joint of 6-mo-old *Smad3* ^ex8/ex8^ mice as more cartilage turned into bone ([Fig. 6](#F6){ref-type="fig"}, E--H). Small regions of enhanced safranine O staining were also observed in some abnormal outgrowths of the articular cavity (not shown), indicating fibrocartilaginous repair occurred. These results suggest that the lack of Smad3-mediated TGF-β signals promotes the terminal differentiation of articular cartilage and may affect the rate of cartilage matrix turnover, eventually leading to articular cartilage degeneration.

Expression of Smad3, FGFR3, and Indian Hedgehog in Skeletal Tissues
-------------------------------------------------------------------

Previous studies showed that Smad3 is expressed in multiple organs and/or tissues ([Yang et al. 1999](#Yangetal1999){ref-type="bib"}). Smad3 protein is also detected in the maturing zone of rat epiphyseal growth plates at a level higher than other zones ([Sakou et al. 1999](#Sakouetal1999){ref-type="bib"}). However, its expression in the mouse articular cartilage and synovium has not been studied. Therefore, we checked expression of Smad3 during endochondral ossification in the rib cage and knee joints using in situ hybridization. Our data showed that Smad3 is expressed in the perichondrium of the ribs and the sternebrae joints with higher levels ([Fig. 7](#F7){ref-type="fig"}, A--C). Smad3 transcripts were also detected in articular cartilage and trabecular bones ([Fig. 7](#F7){ref-type="fig"}, D--F). This expression pattern correlates with sites of abnormalities found in the *Smad3* ^ex8/ex8^ mice, suggesting that loss of Smad3 signals in *Smad3* ^ex8/ex8^ mice could be primary for these defects.

Notably, expression pattern of Smad3 overlaps with that of several growth factors and signaling molecules, including Indian hedgehog (Ihh) and FGFR3, both of which are important for long bone growth ([Deng et al. 1996](#Dengetal1996){ref-type="bib"}; [Chen et al. 1999](#Chenetal1999){ref-type="bib"}; [Li et al. 1999](#Lietal1999){ref-type="bib"}; [St-Jacques et al. 1999](#St-Jacquesetal1999){ref-type="bib"}; [Iwata et al. 2000](#Iwataetal2000){ref-type="bib"}). In situ hybridization analysis revealed no significant change of Ihh ([Fig. 7G](#F7){ref-type="fig"} and [Fig. H](#F7){ref-type="fig"}). However, FGFR3 expression in proliferating chondrocytes was slightly decreased ([Fig. 7I](#F7){ref-type="fig"} and [Fig. J](#F7){ref-type="fig"}, arrows), whereas no change in the maturing zone of chondrocytes was detected. This observation suggests that Smad3 signals may regulate FGFR3 expression in chondrocytes. However, the significance of this regulation is currently unknown and should be addressed in future studies. Next, we checked expression of Smad2, which shares a transduction pathway with Smad3 in mediating TGF-β and activin signals. Our data showed that Smad2 expression in wild-type growth plates is similar to Smad3 (data not shown). We detected no change in expression of Smad2 in *Smad3* ^ex8/ex8^ chondrocytes, indicating that the loss of Smad3 did not cause a complementary alteration of this highly related gene.

Diminished Response of Smad3^ex8/ex8^ Bone Rudiment to TGF-β1 Inhibition
------------------------------------------------------------------------

Previous studies have shown that TGF-β1 can inhibit both chondrocyte proliferation and hypertrophic differentiation ([Ballock et al. 1993](#Ballocketal1993){ref-type="bib"}; [Tschan et al. 1993](#Tschanetal1993){ref-type="bib"}; [Bohme et al. 1995](#Bohmeetal1995){ref-type="bib"}; [Serra et al. 1997](#Serraetal1997){ref-type="bib"}). TGF-β1, 2, 3 and their receptors are expressed in the perichondrium, articular cartilage, and growth plate chondrocytes ([Fukumura et al. 1998](#Fukumuraetal1998){ref-type="bib"}; [Horner et al. 1998](#Horneretal1998){ref-type="bib"}; [Kabasawa et al. 1998](#Kabasawaetal1998){ref-type="bib"}; [Sakou et al. 1999](#Sakouetal1999){ref-type="bib"}) where Smad3 is expressed. It is conceivable that the diminished chondrocyte response to TGF-β at these sites is a primary cause for the observed abnormalities. To test this, we used an in vitro embryonic bone culture system where bone growth could be maintained in defined conditions to monitor chondrocyte proliferation and differentiation. For these experiments, we cultured embryonic metatarsals from E17.5 mice. Bone rudiments at this stage have already initiated endochondral ossification as illustrated in [Fig. 8](#F8){ref-type="fig"} A. Bone growth was determined by increased whole bone length and hypertrophic zone expansion toward the rudiments\' ends 4 d after culture ([Fig. 8A](#F8){ref-type="fig"} and [Fig. B](#F8){ref-type="fig"}). In the presence of TGF-β1 (10 ng/ml), however, the expansion of hypertrophic zone was repressed in comparison to untreated controls ([Fig. 8B](#F8){ref-type="fig"} and [Fig. F](#F8){ref-type="fig"}). Quantitative measurement of nine pairs of cultured bones indicated that the average length of hypertrophic zones (HLs) of the treated bones is ∼70% that of wild-type bones ([Fig. 8](#F8){ref-type="fig"} M). In the histologic sections, bones treated with TGF-β1 exhibited a narrower region containing hypertrophic chondrocytes of smaller sizes ([Fig. 8](#F8){ref-type="fig"} K, arrow) compared with corresponding region in untreated controls ([Fig. 8](#F8){ref-type="fig"} I). These observations indicate that TGF-β1 significantly inhibits chondrocyte differentiation.

We then examined bones isolated from *Smad3* ^ex8/ex8^ mice. Without TGF-β1, there is no significant difference between mutant and wild-type bones ([Fig. 8B](#F8){ref-type="fig"} and [Fig. D](#F8){ref-type="fig"}). This is consistent with our observation that Smad3 mutation does not affect bone growth at early stages. Notably, the TGF-β1 treatment could not repress the expansion of the hypertrophic zone of mutant explants ([Fig. 8D](#F8){ref-type="fig"} and [Fig. H](#F8){ref-type="fig"}, and [Fig. 8](#F8){ref-type="fig"} M for quantitative comparison). Histologic sections revealed no apparent morphological changes between treated and untreated bones ([Fig. 8J](#F8){ref-type="fig"} and [Fig. L](#F8){ref-type="fig"}). These observations indicate that the inhibition of TGF-β1 on chondrocyte hypertrophic differentiation is largely Smad3 dependent.

Our data also showed that the TLs of treated bones were slightly reduced compared with that of the untreated controls ([Fig. 8](#F8){ref-type="fig"} M), suggesting that TGF-β1 treatment decreased proliferation of chondrocytes in the culture conditions. This function is Smad3 independent since both wild-type and Smad3 mutant bones showed similar reductions.

Discussion
==========

Osteoarthritis occurs at a very high frequency affecting the majority of the aging population ([Fujita 1997](#Fujita1997){ref-type="bib"}; [Simon 1999](#Simon1999){ref-type="bib"}). Although multiple factors have been shown to affect articular cartilage in osteoarthritis, the molecular mechanism(s) underlying the cartilage degeneration is largely unknown. In this study, we have investigated a role of TGF-β/Smad3 signals in bone formation and cartilage development in *Smad3* ^ex8/ex8^ mice generated by gene targeting. We showed that Smad3 deficiency results in a skeletal condition that exhibits some features mimicking human osteoarthritis, including progressive loss of articular cartilage, formation of large osteophytes, decreased production of proteoglycan, and abnormally increased number of type X collagen--expressing chondrocytes in synovial joints. We further showed that the articular cartilage degeneration in *Smad3* ^ex8/ex8^ mice is associated with increased chondrocyte differentiation, which is normally repressed by TGF-β/Smad3 signals. Thus, our study establishes an essential role of Smad3 in maintaining articular cartilage integrity, which is pivotally important for normal joint functions.

TGF-βs, especially TGF-β1, 2, and 3 and their receptors, have been implicated in osteoarthritis ([van den Berg 1999](#vandenBerg1999){ref-type="bib"}). When injected into knee joints of mouse or rabbit, TGF-β1 or 2 can stimulate chondrocyte differentiation and induce osteophyte formation at sites characteristic for osteoarthritis ([van Beuningen et al. 1994](#vanBeuningenetal1994){ref-type="bib"}, [van Beuningen et al. 2000](#vanBeuningenetal2000){ref-type="bib"}; [van den Berg 1995](#vandenBerg1995){ref-type="bib"}), suggesting that TGF-βs may serve as pathogens for this disease. On the other hand, it was also showed that TGF-β1 can suppress acute and chronic arthritis in rat, implicating this cytokine as a potentially important therapeutic agent ([Brandes et al. 1991](#Brandesetal1991){ref-type="bib"}). Moreover, it was shown that expression of a dominant negative type II TGF-β receptors in cartilage and the synovium altered chondrocyte differentiation and resulted in degenerative joint abnormalities resembling human osteoarthritis ([Serra et al. 1997](#Serraetal1997){ref-type="bib"}). These seemingly contradictory data suggest the function of TGF-βs in endochondral ossification is complex. Indeed, as multifunctional growth factors, TGF-βs could exhibit differential effects depending on the differentiation stage of the target cells. Numerous studies in multiple model systems have documented that although TGF-βs stimulate early chondrocyte differentiation, they inhibit the later stages of cartilage formation, especially the terminal differentiation of chondrocytes ([Seyedin et al. 1985](#Seyedinetal1985){ref-type="bib"}; [Kulyk et al. 1989](#Kulyketal1989){ref-type="bib"}; [Ballock et al. 1993](#Ballocketal1993){ref-type="bib"}; [Lafeber et al. 1993](#Lafeberetal1993){ref-type="bib"}; [Tschan et al. 1993](#Tschanetal1993){ref-type="bib"}; [Dieudonne et al. 1994](#Dieudonneetal1994){ref-type="bib"}; [Bohme et al. 1995](#Bohmeetal1995){ref-type="bib"}; [Denker et al. 1995](#Denkeretal1995){ref-type="bib"}; [Serra et al. 1999](#Serraetal1999){ref-type="bib"}). Alternatively, it is possible that different doses of TGF-β could cause a biphasic response in same type of cells by activating different downstream effectors with opposite functions.

TGF-β transduces signals from the cell membrane to the nucleus via specific type I and II receptors and Smad proteins. TGF-β1, 2, and 3 and their receptors are expressed in articular cartilage and the epiphyseal growth plate ([Fukumura et al. 1998](#Fukumuraetal1998){ref-type="bib"}; [Horner et al. 1998](#Horneretal1998){ref-type="bib"}; [Kabasawa et al. 1998](#Kabasawaetal1998){ref-type="bib"}; [Sakou et al. 1999](#Sakouetal1999){ref-type="bib"}). TGF-β/activin--restricted Smads also expressed epiphyseal growth plate in a partially overlapping fashion with Smad2 and 3 strongly expressed in proliferating chondrocytes and maturing chondrocytes, respectively. Smad4, which serves as a central mediator for both TGF-βs and BMPs, is broadly expressed in all zones of epiphyseal growth plate ([Sakou et al. 1999](#Sakouetal1999){ref-type="bib"}). The overlapping expressions of TGF-β, receptors, and Smads suggest that TGF-β functions in an autocrine fashion during endochondral ossification.

This brings an essential question that this study aims to address, that is, what is the physiological function of Smad3-mediated TGF-β signals in endochondral ossification? The observations that blocking TGF-β signals at either receptor ([Serra et al. 1997](#Serraetal1997){ref-type="bib"}) or intracellular level (this study) causes increased chondrocyte terminal differentiation and progressive degeneration of articular cartilage indicate that one of the physiological functions of TGF-β/Smad3 signals must be the inhibition of chondrocyte terminal differentiation. This notion is strongly supported by our in vitro rudiment culture experiments, where TGF-β1 treatment dramatically inhibited chondrocyte hypertrophy in wild-type but not in *Smad3* ^ex8/ex8^ bones. These observations indicate that the inhibition of TGF-β1 on chondrocyte differentiation is largely Smad3 dependent. Thus, lacking TGF-β1/Smad3 signals, chondrocytes undergo abnormal differentiation, which eventually leads to osteoarthritis.

Because TGF-β has been known as a cartilage inducer and can stimulate cartilage formation both in vitro and in vivo ([Kulyk et al. 1989](#Kulyketal1989){ref-type="bib"}; [Joyce et al. 1990](#Joyceetal1990){ref-type="bib"}; [Lafeber et al. 1993](#Lafeberetal1993){ref-type="bib"}; [Denker et al. 1995](#Denkeretal1995){ref-type="bib"}; [Chimal-Monroy and Diaz de Leon 1997](#Chimal-MonroyandDiazdeLeon1997){ref-type="bib"}), we carefully examined *Smad3* ^ex8/ex8^ mice to see if blocking TGF-β responsiveness could affect early stages of chondrogenesis. Our examinations at multiple developmental stages detected no developmental defects in synovial joints and epiphyseal growth plate formation, suggesting that Smad3 is dispensable in the early stages of cartilage formation. In histologic sections, we found that the increased hypertrophic differentiation of chondrocytes started when animals were ∼1 mo of age. This leads to the progressive loss of articular cartilage and formation of osteophytes in synovial joints of older mutant mice. Of note, the severity of cartilage degeneration correlates well with expression levels of Smad3. Sternebrae joints, where Smad3 is expressed at a particularly higher level, showed most severe phenotype ([Fig. 2](#F2){ref-type="fig"}, E--G, and [Fig. 7](#F7){ref-type="fig"} B).

Cartilage degeneration associated with osteoarthritis is also linked to aberrant cytokine and growth factor expression in affected tissues. One of the best studied factors so far is IL-1, which stimulates chondrocytes to release destructive proteases and at the same time, represses proteoglycan synthesis ([Beekman et al. 1998](#Beekmanetal1998){ref-type="bib"}; [Hui et al. 1998](#Huietal1998){ref-type="bib"}; [Cawston et al. 1999](#Cawstonetal1999){ref-type="bib"}; [Flannery et al. 1999](#Flanneryetal1999){ref-type="bib"}; [Sandy et al. 1999](#Sandyetal1999){ref-type="bib"}). Thus, the combined effect of IL-1 action is reduced matrix production and enhanced cartilage degradation. However, the osteoarthritis in *Smad3* ^ex8/ex8^ mice is distinct from that caused by IL-1 overexpression. It shows no sign of enzymatic bone destruction rather than the abnormally increased bone production in synovial joints at the expense of increased chondrocyte differentiation, which starts shortly after weaning.

Another feature exhibited by *Smad3* ^ex8/ex8^ articular cartilage is significantly reduced levels of proteoglycan. This observation is consistent with previous reports that synthesis of proteoglycan can be stimulated by TGF-β both in vitro and in vivo ([Lafeber et al. 1993](#Lafeberetal1993){ref-type="bib"}; [Redini et al. 1997](#Redinietal1997){ref-type="bib"}; [Moller et al. 2000](#Molleretal2000){ref-type="bib"}). The reduced proteoglycan production may significantly contribute to osteoarthritis since it may lead to further changes in the components of cartilage matrix and the rate of matrix turnover in *Smad3* ^ex8/ex8^ mice. Interestingly, the decreased levels of proteoglycans associated with Smad3 deficiency is similar to that caused by the IL-1 overexpression ([van de Loo et al. 1994](#vandeLooetal1994){ref-type="bib"}, [van de Loo et al. 1998](#vandeLooetal1998){ref-type="bib"}). This suggests partial overlapping roles between IL-1 and TGF-β/Smad3 in osteoarthritis initiation and progression.

In summary, we show that Smad3-mediated TGF-β signals are important for maintaining articular cartilage in the quiescent state by repressing chondrocyte differentiation and controlling matrix molecule synthesis. Consequently, impairment of TGF-β signals due to Smad3 disruption results in phenotypes resembling human osteoarthritis. These mice should serve as an ideal animal model for performing studies that may eventually lead to the prevention and effective treatment of osteoarthritis.
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![Radiographs of the skeletal abnormalities in 7-mo-old *Smad3* ^ex8/ex8^ mice. (A and B) Whole-mount view of control and mutant skeletons. Mutant mice exhibited increased intensities in vertebral and knee joints (arrowheads). (C--H) Enlarged views of knee (C and D), vertebral (E and F), and sternum joints (G and H). The increased density in mutant joints is caused by formation of extra bones (arrowheads). However, decreased bone densities were found in other areas of mutant bones compared with corresponding regions of control mice (arrows).](JCB0007049.f1){#F1}

![Abnormal skeletal development in *Smad3* ^ex8/ex8^ mice. (A and B) Alizarin red S and Alcian blue staining of hindlimbs of P21 (A) and 7-mo-old (B) mice. Genotypes as indicated. (C--H) Rib cages of P21 (C and D), 5- (E and F), and 7-mo-old (G and H) mice. F is an enlarged view of E showing accumulation of bony material in sternum joints. Arrows point to abnormally formed bones of mutant mice. (I and J) Angular defects of tarsal bones in P21 mouse.](JCB0007049.f2){#F2}

![Immunohistochemical detection of collagen type X expression in 6-mo-old wild-type (A and C) and mutant (B, D, and E) mice. A and B, growth plates; C and D, knee joints; and E, osteophyte. F is an image without the first antibody serving as a negative control. Bar, 100 μm.](JCB0007049.f5){#F5}

![Histologic analysis of articular cartilage of *Smad3* ^ex8/ex8^ mice. (A and B) Knee joints of P30 wild-type (A) and mutant (B) mice. Notice the increased number of hypertrophic chondrocytes in mutant articular cartilage. (C--F) Knee joints of 4- (C and D) and 7-mo-old (E and F) wild-type (C and E) and mutant (D and F) mice. Arrow points to abnormally accumulated layer of chondrocytes (D). (G--J) Osteophytes found in synovium of 7-mo-old mice. Arrows point to osteophytes, hematoxylin and eosin (G), collagen type II (H), collagen type I (I), and osteocalcin (J) expression in osteophytes. Bar: (A and B) 150 μm; (C--J) 100 μm.](JCB0007049.f3){#F3}

![Histologic analysis of epiphyseal growth plates of *Smad3* ^ex8/ex8^ mice. (A and B) Sections of wild-type (A) and mutant (B) growth plates from P12 tibiae. Chondrocytes are divided into four distinct zones: resting (Rc), proliferation (Pc), maturing (Mc), and hypertrophic (Hc) chondrocytes. No apparent difference was detected. (C--H) Sections of wild-type (C, E, and G) and mutant (D, F, and H) growth plates isolated from P21, (C and D), P40 (E and F), and P60 (G and H) mice. Arrows in C and D point to hypertrophic chondrocytes positive for type X collagen. Arrows in E and H point to chondrocyte columns. Tb, trabecular bone. Bar: (A, B, G, and H) 80 μm; (C, D, E, and F) 120 μm.](JCB0007049.f4){#F4}

![Expression of proteoglycans in wild-type (A, C, E, and G) and mutant (B, D, F, and H) skeletal tissues. Safranine O staining of epiphyseal growth plates and articular cartilage of P12 (A and B), P40 (C and D), and 6-mo-old (E--H) mice. Arrows point to articular cartilage. Enlarged images in C and D show hematoxylin and eosin sections. H, hypertrophic zone; and M, all other zones including Rc, Pc, and Mc. Bar: (A and B) 250 μm; (C, D, G, and H) 150 μm; (E and F) 600 μm.](JCB0007049.f6){#F6}

![Analysis of gene expression by in situ hybridization. (A--F) Smad3 expression in ribs of embryonic day 16 (A--C) and P12 growth plate (D--F) of wild-type mice. A and D are bright field view, and B, C, E, and F are dark field view. B and E are anti-sense, and C and F are sense controls. Arrow and arrowhead in E point to perichondrium and articular cartilage, respectively. (G and H) Ihh expression in wild-type (G) and mutant (H) mice. (I and J) FGFR3 expression in wild-type (I) and mutant (J) mice. Hc, hypertrophic chondrocytes. Bar: (A and B) 700 μm; (D--F) 600 μm; (G--J) 500 μm.](JCB0007049.f7){#F7}

![Effects of TGF-β1 treatment on cultured wild-type (A, B, E, F, I, and K) and Smad3 mutant (C, D, G, H, J, and L) embryonic (E17.5) metatarsal bones. (ML) The length of the mineralized hypertrophic chondrocytes (dark area). The light areas flanking the length of the mineralized hypertrophic chondrocytes (ML) are the nonmineralized hypertrophic chondrocytes. The regions outside the light zones are proliferating chondrocytes. Hypertrophic zone (HL) includes both mineralized and unmineralized hypertrophic zones. TL, total bone length. (I--L) Histologic sections of wild-type and mutant bones cultured for 4 d in the absence (I and J) and presence (K and L) of TGF-β1. The arrow in K points to a region containing hypertrophic chondrocytes with smaller sizes. (M) Percentage increases in TL and HL of wild-type and mutant bones cultured for 4 d in the absence (0 ng/ml) or presence of TGF-β1 (10 ng/ml). WT, wild type; MT, mutant bones. (Percentage increase = \[day 4 length − day 0 length\]/day 0 length). Data represent mean ± SD of values obtained from nine pairs of bones.](JCB0007049.f8){#F8}
